The combination of different additive manufacturing techniques to produce freeform products with multifunctional properties is gaining increasing popularity. In the research presented, Aerosol Jet® Printing (AJP) is combined with extrusion-based 3D printing. AJP starts with an ink to create micro-tracks. These tracks commonly have widths ranging from a few micrometers up to several millimeters and track heights ranging from a few tenths of a micrometer up to several micrometers, unlike extrusion-based 3D printers with which the extruded material usually has a resolution of tenths of millimeters. AJP can therefore be a complementary technique for extrusion-based 3D printing; in this manner, fine high resolution features can be added onto relatively rapidly produced extrusion-based 3D printed parts. Furthermore, AJP can be used to produce electrically conductive tracks to create interconnections, inductors, capacitors, strain gauges, etc. In this paper, the creation of AJP-manufactured interconnects on extrusion-based 3D printed substrates is investigated. The relevant AJP process parameters to take into account are the flow rates of the aerosol, the flow rate of the sheath gas, the temperature settings of the ink and substrate, and the platform speed and nozzle-to-substrate distance. To obtain reliable results, the AJP process parameters are optimized for printing single-layered and multilayered silver ink tracks on extrusion-based 3D-printed surfaces. Important quality output parameters include the dimensions and the electrical properties of the printed interconnects.
INTRODUCTION

Key Benefits of Hybrid Additive Manufacturing
Additive Manufacturing (AM) [1] is no longer merely used as a production method for creating prototypes; today, it is more often used to create products with a high added value. Although there is still room for the optimization of individual AM processes, it is most likely that the next trend in AM is the combination of AM techniques, which can have a number of advantages, e.g. improving the accuracy of an AM process or creating multi-material products.
In the presented research, extrusion-based 3D printing is combined with Aerosol Jet ® Printing (AJP). Extrusion-based 3D printing is typically used to create functional plastic (commonly ABS, PC or PLA) parts with sizes ranging from a cubic centimetre up to a cubic metre. AJP, in contrast, is used to create parts with micro-sized features. It is also frequently used to create printed electronics, including interconnects, resistors, inductors, capacitors, etc. In our research, AJP is used to print conductive tracks on extrusionbased 3D-printed parts.
A fundamental reason combining these technologies has so much potential is because of the feasibility of combining both techniques on the same machine. Both techniques are categorized as direct write technologies [2] , they only require an xyz manipulation stage and a material deposition head.
Extrusion-Based 3D Printing
Extrusion-based 3D printing [3] is a generic term for all AM processes that utilize a head that deposits material by extruding viscous materials through a nozzle. The most commonly known extrusionbased 3D-printing technique is Fused Deposition Modeling™ (FDM ® ) [4] and [5] . This technique heats up a filament before pushing it through a fine opening.
Extrusion-based 3D printing usually has a resolution ranging from hundred to several hundred micrometres.
Aerosol Jet ® Printing
AJP uses an ink as a starter material to build up products [6] to [9] . The ink is transformed into an aerosol by the atomizer. There are several ways of atomizing liquids, depending on the type of atomizer used [10] and [11] . In this research, a pneumatic atomizer is used. It creates a nebula of the ink by sending carrier gas through a venturi. The venturi creates a vacuum that sucks the ink through a narrow tube of a few millimetres in diameter. The ink is then sent through an opening and turned into droplets. The amount of carrier gas that is fed to the atomizer is called the 'atomization gas flow'.
In the final stage, the aerosol is focused onto the substrate by adding a concentric flow of gas, which is called 'sheath gas'. Adding the sheath gas to the aerosol occurs inside the print nozzle, by sending the gas along a conical shaft [12] to [16] . In the center of the conical shaft, the aerosol is added. An overview of the AJP process is given in Fig. 1 .
Fig. 1. Overview of the AJP process
Because the flow coming directly out of the pneumatic atomizer is too high for the nozzle to handle, an extra element is placed between the atomizer and nozzle. This element is called the 'Virtual Impactor' (VI). It reduces the aerosol flow by taking away some of the carrier gas (and small aerosol droplets) [17] to [23] . Inside the VI, the aerosol tube is interrupted, and gas is sucked out of the VI. Due to the mass inertia of the droplets, the larger aerosol droplets continue a straight trajectory and are not sucked out of the VI; smaller droplets and carrier gas are sucked out. The flow that is taken away from the aerosol is called the 'VI exhaust'. The difference between the atomizer flow and VI exhaust flow is fed to the nozzle; this is referred to as the 'VI difference'.
Depending on the processed material, substrate material and conditions, process settings and nozzlesize single-printed track widths can vary from just a few micrometres up to several millimetres [24] to [26] . Track heights can range from a few tenths of a micrometre up to several micrometres.
SETUP OF THE EXPERIMENT
The substrate samples in the following experiments are produced on a Stratasys Dimension® SST1200es machine, from ABSplus™-P430 plastic. The test samples have a rectangular shape with a height of 8 mm. An isometric sketch of the substrate samples is shown in Fig. 2 . The samples were built up layer by layer in the z direction indicated by Fig. 2 ; they were filled with cross hatching. On the top surface, indicated by hatching in Fig. 2 , test circuitry is printed by means of AJP. The top surface was first sanded down for half a minute, with silicon carbide P220 sand paper on a horizontal disk sander. Untreated samples from the used 3D printer have a surface roughness that is too high for the robust printing of silver ink tracks. This problem can be resolved by printing on parts with a finer cross hatching or using an ink-substrate combination with better wetting properties. In all the used samples, the sanding resulted in an average Ra value of 1.42 µm, with a standard deviation of 0.73 µm. This is a relatively large surface roughness compared to other substrates for printed electronics (e.g. glass or polyimide foil). The influence of the level of abrasion on the AJP result has not been investigated and will be included in future research. Before the samples were placed inside the AJP machine, the surface was treated with isopropanol to cleanse the surface and reinsure a repeatable substrate surface. The samples were first sanded down because preliminary tests showed that untreated samples gave insufficient adhesion between the printed ink and substrate.
To investigate the conductivity of AJP tracks, circuitry was designed, shown in Fig. 3 . Four square probing patches were to perform a 4-point probing test over a track length of 10 mm.
Fig. 3. Dimensions of the test circuitry; all dimensions are displayed in millimetres
The circuitry was printed with Cabot CSD-32® material, a commercially available ink based on silver nanoparticles (45 to 55 wt%), used as conductive filler material in ethylene glycol. The silver particles have a size of less than 60 nm and are wrapped in a polymer coating. To reinsure conductivity, the material supplier suggests sintering the printed material. Greer et al. 2007 [27] showed that sintering temperatures of nanoparticle silver inks should at least reach 150 °C in order to reach adequate conductive behavior. Because the glass transition temperature of ABS is about 100 °C, printed samples were cured in an oven at 80 °C for only 1.5 hours.
Fig. 4. Photographs of a finished sample
During the experiments, the hardware setup of the AJP machine was unchanged. A nozzle with an opening of 300 µm was used to produce all the samples. Although smaller nozzle sizes are available and would provide smaller print resolution, such nozzles are probably not appropriate for this initial study. By having a smaller print resolution, tracks will have smaller cross sections, making it more difficult to obtain conductive behavior.
ANALYSIS OF THE PRINTED CIRCUITRY
To analyze the electrical conductivity of the produced samples ( Fig. 4 ), a Keithley ® 580 micro-ohmmeter was used. The maximum resistivity that could be measured is 200 kΩ. Samples that have a higher resistivity are considered to have no conductive properties.
The dimensions of the tracks were quantified with both a Digi-Microscope 500X Series vision system and a Taylor-Hobson ® tactile 2D profile measuring device.
The vision system consists of a USB-microscope placed perpendicular to the substrate. Unfortunately, this method cannot give information about the height (z direction) of a printed track. Important information that it does provide is the track width and that smoothness of the track edges. To determine these parameters, the edges of the track were first determined with the algorithm described by [28] , a few examples of the result of this edge detection algorithm are given in Fig. 5 . For the edge smoothness, the arithmetic average of the detected edges was calculated. In Eq.
(1), the average edge smoothness is represented by ES a in µm, n represents the number of detected points on an edge and x i is the shortest distance in µm from a detected point to the line fitted through all detected points. The edge smoothness will become salient when several tracks need to be printed side by side.
(1) Fig. 5 . Examples of the edge detection algorithm from the vision system for various types of printed AJP tracks A 2D profile system was used to create an intersection profile of the track. This system gives information about the track width, height and cross section area. The downside of this system is that when printing only one layer of material it is impossible to differentiate the printed track from the substrate roughness profile. Consequently, this system was only used for analyzing the circuitries produced with multiple layers. Fig. 6 shows an example of an intersection measured with the 2D profile system. 
VI Difference and Temperature Settings
In a first set of tests, the VI difference and temperature settings of the AJP process were investigated. For this test, the previously presented circuitry was printed with one track and one layer. Regarding the AJP process, only the VI exhaust gas, printing head temperature and substrate temperature were changed. The atomizer gas flow was set to 133.33 × 10 -7 m 3 /s (800 cm 3 /min) and the sheath gas flow was set to 10.83 × 10 -7 m³/s (65 cm 3 /min); the printing speed was set to 8 mm/s and the nozzle-to-substrate distance was set to 3 mm. Fig. 7 shows the results of the VI difference and temperature settings tests. As expected, the width of the track rises as the VI difference increases, causing the nozzle to deposit more aerosol per time unit. The high possibility of a (statistical) relationship between track width and VI difference is also confirmed by the correlation coefficients. For printing at low temperatures, an r-value (correlation coefficient) of 0.96 was obtained and at high temperatures an r-value of 0.98. In practice, attempting to control the track width using the VI difference is recommended.
Concerning the edge smoothness, correlation with the VI difference is exceptionally low: for the test at low temperatures, an r value of -0.10 was obtained; for the test at high temperatures, an r value of 0.25 was obtained.
Processing temperatures do seem to have an influence on both the track width and the edge smoothness. Printing at higher temperatures generates narrower tracks but generates a larger edge smoothness. A higher temperature of the nozzle will evaporate more solvent in the aerosol droplets before they reach the substrate, changing the concentration of silver particles in the aerosol droplets. This higher concentration of silver particles causes the ink to act in a more viscous manner; once deposited, less ink will flow on the substrate. A higher temperature of the substrate will increase the effect of the reduced flow of the ink droplets on the substrate. The resistivity of the samples was too high to measure.
Sheath Gas Setting
The second set of tests concerned the sheath gas settings. In this series of tests, the sheath gas was altered. Furthermore, two sets of VI difference where tested: one at 4.17 × 10 -7 m 3 /s (25 cm 3 /min) and one at 2.50 × 10 -7 m 3 /s (15 cm 3 /min). The atomizer gas flow and printing speed was set the same as in the tests described in Section 3.1. The temperature of the nozzle was set at 35 °C and the substrate temperature at 60 °C. Only one track was printed in one layer. Fig. 8 shows the results of the sheath gas and VI difference tests. As demonstrated by the previous test, the tracks become wider when the VI difference becomes larger; only the first point in the left graph of Fig. 8 shows a smaller track for a larger VI difference. It is most likely that the first value of the VI difference of 4.17 × 10 -7 m 3 /s (25 cm 3 /min) is an outlier.
The correlation coefficient between the width and sheath gas setting is 0.45 for the higher VI difference setting and -0.84 for the lower VI difference setting. These values indicate that using the sheath gas to control the track width is not the best option. According to the results of Section 3.1, it would be better to use the VI-difference for controlling the track width.
The edge smoothness, however, seems to correlate better with the sheath gas settings. For a VI difference of 4.17 × 10 -7 m 3 /s (25 cm 3 /min), the correlation is -0.88, for a VI difference of 2.50 × 10 -7 m 3 /s (15 cm 3 /min), the correlation is 0.97. The fact that correlation is negative for a higher setting of VI difference compared to the lower settings of VI difference indicates that the edge smoothness is influenced by the combination of VI difference and sheath gas. In practice, sheath gas is a good candidate for controlling the edge smoothness.
The resistivity of the samples was, as in the tests of Section 3.1, too high to measure.
Nozzle-to-Substrate Distance
In the next test, the nozzle-to-substrate distance was investigated. The aerosol can only be focused within certain boundaries of the nozzle-to-substrate distance.
For this test, the atomizer gas flow and printing speed was set the same as in Sections 3.1 and 3.2; sheath gas was set at 9.17 × 10 -7 m 3 /s (55 cm 3 /min), VI difference at 3.33 × 10 -7 m 3 /s (20 cm³/min), the temperature of the nozzle was set at 50 °C and the temperature of the substrate was set at 75 °C. As in the previous tests, the samples consisted of one printed track in one layer. This test shows the importance of the nozzle-tosubstrate distance. Fig. 9 shows that the ideal focusing position is around 3 mm; not only is the track width that smallest, but also the edge smoothness is smallest for this position. Furthermore, the track width seems to stagnate for a nozzle-to-substrate distance larger than 4 mm, while the edge smoothness seems to become bigger with a larger nozzle-to-substrate distance.
As with the samples in Sections 3.1 and 3.2, none showed signs of conductivity. Consequently, several tracks side by side or several layers of material are needed in order to create functional interconnections. In the next set of tests, several tracks are printed side by side and several layers of material are deposited.
Multiple Tracks Side by Side
During this test, the circuitry is printed with several tracks side by side. To reinsure overlap between the tracks, the parallel central axes of the tracks are printed 50 µm apart. Atomizer gas flow and printing speed were set as before (Sections 3.1 to 3.3), nozzle temperature was set to 50 °C, substrate temperature to 80 °C, sheath gas was set at 10.83 × 10 -7 m 3 /s (65 cm 3 /min) and VI difference was set at 5.00 × 10 -7 m 3 /s (30 cm 3 /min). Fig. 10 shows an obvious linear behavior for the width in function of the number of tracks side by side (r value of 1.00). The edge smoothness does not show a trend (r value of -0.46). The edge smoothness for multiple tracks side by side is significantly lower than the edge smoothness for samples consisting of only a single track.
The first sample of only five tracks side by side gave no conductivity. The last sample of 20 tracks side by side gave a resistivity of 67.4 kΩ; this is probably an outlier. The remaining two samples gave a resistance of 99.61 Ω (10 tracks side by side) and 11.24 Ω (15 tracks side by side).
Multiple Layers
In the final test, the number of layers in the functions of the width, edge smoothness, resistivity, track height and cross section of the track were examined. The same AJP settings were used as in Section 3.4. The circuitry was printed with five tracks side by side, with the parallel central axes of the tracks printed 50 µm apart. Only two samples were created: one with three layers and one with five layers. Fig. 11 . The number of layers Fig. 11 shows that the width of the track increases with the number of printed layers. This suggests that not all material printed onto an existing layer remains upon that layer, but tends to run down the side of the layer. For printing mere interconnections, this is not a problem; this might, however, cause a problem when trying to use AJP as a 3D printing technique. Just as in the early days of direct 3D inkjet printing, getting droplets to remain upon a new layer proved to be one of the most challenging tasks. As with multiple tracks printed side by side, no trend was observed (r-value of 0.38) for the edge smoothness.
As mentioned in Section 3.4, one layer of five tracks side by side gave no conductivity. Three and five layers gave conductivity of 24.75 and 20.61 Ω, respectively. However, one layer of 15 tracks printed side by side (Section 3.4) gave a lower resistance than five layers of five tracks printed side by side. Therefore, considering processing time, it would be more beneficial to print several tracks side by side in order to obtain better electrical properties. However, printing several tracks side by side does result in broader tracks.
In practice, choosing the number of tracks side by side and number of layers will be a consideration based on electrical properties, track width and processing time. A simple alternative for obtaining conductivity is merely using a nozzle with a bigger opening. This will allow the creation of wider tracks and will require less processing time.
Multiple layers can be distinguished from the roughness profile of the substrate. Therefore, it was possible to measure the track profile. The track profile was measured at three locations. From each measurement, the track height and cross section area was extracted. The results of these measurements are displayed in Fig. 12 . The figure shows the average value and, minimum and maximum measured value (indicated by the error bars). The graphs show no surprises, both the track height as well as the cross section increase with the number of layers. What might seem strange is that there is no oneto-one relationship between the number of layers and the track height; furthermore, the left graph of Fig.  12 seems to indicate a growing increase in height in relation to the number of layers (3 layers give a height of 4.4 µm; 5 layers give a height of 9.7 µm). There are a number of probable causes for this phenomenon, which need to be investigated in the future. First, the wetting behavior of the first layer is different than that of the following layers as the first layer is deposited onto the ABS substrate, in contrast to the other layers that are deposited onto printed material. Other possible causes could be the slumping or mixing of not fully dried layers, causing an increase of the width of the previous printed track.
CONCLUSION AND DISCUSSION
In this paper, circuitry for testing the conductivity was printed with silver ink, by means of AJP, onto a substrate manufactured with extrusion-based 3D printing. Although the substrate was first sanded down in order to generate the proper surface characteristics, this preliminary research mentions some key aspects towards combining extrusion-based 3D printing and AJP. The main focus of the research was understanding the relationship between the AJP process settings and the dimensional and electrical properties of the printed interconnects. To date, only a limited set of experiments have been performed; future research will also have to include the repeatability of the process, as the presented tests are limited. Other aspects to obtain better and repeatable printing and conductive behavior will also have to be examined, e.g. other hardware setups, proper sintering methods, other conductive inks, surface activation, etc. Nevertheless, this work will be a good starting point for future research in this area.
Based on correlation studies, when printing single tracks, the VI-difference is probably the best choice for controlling track width; the edge smoothness is best controlled by the sheath gas settings. Printing single tracks, however, gave no electrical conductive properties to the tracks. As a result, multiple tracks or layers of material are required in order to generate sufficient conductive properties. The presented research shows that, considering processing time, printing several tracks side by side is more beneficial than printing multiple layers. Although in practice making a choice in number of tracks side by side and layers will also consider the required resolution of the interconnects.
